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EXPERIMENTAL INVESTIGATION OF
THE FLOW FIELD BEHIND AN ASPECT-RATTO-10 HYDROFOIL

NEAR THE WATER SURFACE

By Arthur W. Carter and Roger V. Butler
SUMMARY

An investigation was made at subcritical speeds in Langley tank no. 1,
of the flow field behind a hydrofoil having an 8-inch chord and an aspéect
ratio of 10, and operating at a depth of 0.75 chord below the free-water
surface. The downwash and water surface profiles were measured behind
the hydrofoil over a range of lateral snd longitudinsl positions of interest
for tandem hydrofoll applications. The experimental date were compared
with theoreticel predictions based on two-dimensional flow.

As predicted by theory, the displacement of the free-water surface
and the angles of downwash varied dlrectly with 1ift coefficient. The
angles of downwash varied exponentially with depth below the water surface
as would be expected for gravity waves. In the reglon investigated, the
surface wave can be predicted by two-dimensionsl theory from the trailing
edge to the point of maximum upwash, but only at low suberitical speeds
and near the center line. The angles of downwash can be predlicted by
two-dimensional theory over the same range for which the theory accurately
predicts the surface wave. Outboard of the center plane, the surfacs and
downwash patterns were complicated by the tip disturbances and no valid
comparison with two-dimensionsal theory was possible.

INTRODUCTION

As part of the general research on hydrofoils, an investigation hsas
been made of the flow field behind a high-aspect-ratlo rectangular hydro-
foll operating near the water surface. The purpose of the investigation
was to determine the downwaesh pattern behind the hydrofoil and to determine
the regions over which predictions, using available theory, were accurate.
Theoretical methods for celculsting the length and emplitude of the sur-
face wave behind the hydrofoll end the angles of downwash below the free-
water surface in two-dimensionel flow have been presented in references 1.

and 2.
H—
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The downwash and water-surface profiles behind a hydrofoil having
an NACA 6hlAh12 section and aspect ratio of 10 were determined in lLangley

tank no. 1, over a range of lateral and longitudinel positions of interest
in tandem hydrofoll. spplications. This informstion is of interest in
predicting the effects of the front hydrofoll on the characteristics of
the second hydrofoil and in determining the over-gll 1ift and drag as well
as the stablility and control of the system.

SYMBOLS
Cy, : hydrofoll 1ift coefficient
ey local lift coefficlent
a distance from plane of symmetry, ft
b gemigspan of hydrofoil, £t
c chord of hydrofoll, £t
a depth below free-water surface, ft— — - -
T depth of hydrofoll submergence, ft

_acceleration due to gravity (32.2), ft/sec?

h mean depth of tank (10.6), £t

1 distance aft of trailing edge of hydrofoll, ft

v ’ speed, fps

'y digtance aft of quarter chord of hydrofoil, £t

Yy displaecement of free-water surface, positive upward, chords
Yo displacement of free-water surface, positive upward, f£i

o . angle of attack, deg

r circulation, £t2/sec. .

€ angle of downwash, deg

A wave length, £t

>
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PRELIMINARY CONSIDERATICONS

In line with usual theorles of wave motion, two distinctly different
wave patterns exist in shallow water: one 1f the velocity is suberitical,
the other 1f the velocity is supercritical. (See ref. 1.) The critical
velocity depends upon the depth of the channel and is defined by Jgh.

In Langley tank no. 1, the critical velocity is 18.5 feet per second for-
the mean depth of 10.6 feet.

At suberitical speeds, the bound vortex of a hydrofoll opereting
near the water surface produces a deformation of the free surface in
such a meanner that a train of transverse surface waves is generated which
has a forward speed equal to the speed of the hydrofoll. At supercritical
speeds, the transverse waves dissppear. At suberitical speeds, the down-
wash fleld behind the hydrofoll will be modified by the pressure fleld
set up by the surface waves. According to reference 3, the effect of the
depth of water on the wave formatlon becomes appreciable for values
of Vz/gh gregter than 0.5. The present investigation was made at two
values below 0.5 and one gbove. o - '

DESCRIPTION OF MODEL, APPARATUS, AND PROCEDURE

The hydrofoil (fig. 1) had an NACA 64,8412 section, an 8-inch chord,

and an aspect ratio of 10. The hydrofoil was supported by a single strut
which had an NACA 66,-012 section and an 8-inch chord. The intersection

of the hydrofoil and strut was not filleted. A detalled description of
the hydrofoil and strut and the section ordinates are given in reference 4.

The hydrofoll and the supporting gear, which were the same as those
used for the investigstion described in reference L, were mounted on an
auxiliary cerriage ahead of the main towlng carrlege in Langley tank no. 1.
Two 20-foot booms connecting the auxillary carriage to the mein carriage
gerved as a support for the survey gear (fig. 2) used to determine the
flow field. The survey gear 'could be moved longltudinally and laterally
in order .to survey any desired position in the flow field of the hydrofoll.

The direction of the flow was determined from photographs of tufts
wttached to the survey gear. Four horizontal wires between two vertical

l%-;Ihch gstreamline struts, 12 inches epart, served as attachment points
for the tufts. The wires were located 6, 12, 18, and 24 inches below the
undisturbed water surface. OFf several types of wires Investigateq, i%--inch

alrcraft cable appeared to be the most sulteble inasmuch as this wire wes
relatively free from vibration. The tufts were 5-lnch-long threads of
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Fiberglas attached to the center of :the cable sgo that they were free to’
turn about the cable. Fiberglas wes used because it was flexible, durable,
and easily photographed. Wool, nylon, cotton, and linen tufts dislnte-
grated after relatively few runs. -

The tufts were photographed from the side of the tank by a camera
whose leng was 1 foot below the water surface. A typical underwater
photograph. is shown in figure 3. The. vertical line 1s a reference plumb
bob line in the tank. Angles of downwash were measured relative to thisa
reference. : '

The displacement of the free-water surface weas measured by means’
of the surface prod shown in figure 2. The prod was lowered slowly until
contact was made with the water surface, thereby closing an electrical
clrcult which tripped a camera and photographed a scale. A water-level
recorder was locaeted at each of the two test stations in the tank so that
smell changes in the reference level caused by the surge in the tank
could be made. The correction to the surface data because of the surge
was generally less than 0.1 inch. B

The flow fleld was investlgated .at the following test-conditions:
(a) Angles of sttack: 20, 4°, and 6°

(b) Constent speeds: 8.3, 11.7, and 14.3 feet per second, corre-
sponding to- values of VZ2/gh of 0.2, 0.4, and 0.6

(¢) Lateral positions: 0.1, 0.5, -0.9, and 1.3 semispan from plane
of symmetry .

(4) Longltudinal positions: leading edge to 38 chords behind
tralling edge of hydrofoll

The measurements are belleved to bhave the following sccuracy:

Angle of dowvnwash, deg . « « « « « o ¢ o o« o o ¢ a. o o & o o o » +
Displacement of free-water gurfece, in. . . . . . . « « « + .« . +

RESULTS AND DISCUSSION

The camplex shape of the weter surface behind en aspect-ratio-10
hydrofoll is shown 1n figure 4, which is & photograph of a model of a
typical water-surface pattern. Thls surface pattern was developed from
the surface measurements mede at the four spanwlse positions and is
symmetrical about -the center line. The vertical scale of the model is
increaged five times In order to show more clearly the shape of the

1iiiiiii'il.ﬁ .

.
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surface. The transverse lines are at 2-chord intervels fram the hydro-
foil trailing edge which is indicated on the model.

The surface behind the hydrofoll was not & simple transverse wave.
The typical surface pattern shown in figure 4 was obtained at a speed
corresponding to Vz/gh of 0.4 and an angle of attack of 4O. Distur-
bances, originating near the tips of the hydrofoll, traveled inward and
intersected on the center line about 20 chords behind the trailing edge.
Immediately behind the peak or crest formed by the intersection of the
disturbances, & sharp depression was formed. Thus, even at the center
line, the influence of the disturbances from the tips became evident at
a relgtively short distence behind the trailing edge of the hydrofoil.
The tip disturbance, therefore, has a pronounced effect on the wave
followlng the hydrofoil. The supporting strut created a small distur-
bance at the center, near the trailing edge. At 0.1 semispan, the strut
disturbance was negligible at the low speeds used in the investigation.

Surface Contours

Longlitudinal variation.- Longitudinel surface profilesfbehind the
hydrofoill at the 0.l semispan positlon are presented in figure 5 for

values of VZ2/gh of 0.2, 0.4, and 0.6. The displacement of the free-

- water surface in chords divided by the local 1lift coefflclent at 0.1 semi-
span has been plotted against distance behind the tralling edge in
chords. The locel 1lift coefficlent was used becsuse this 1ift coeffi-
cient is significant for a particular semispan position. The local 1lift
coefficlients were determined from the spanwise loading by the method
presented in reference 5. The hydrofoil 1ift coefficlents used in deter-
mining the local 1lift coefficlents were obtalned from previous force
measurements on the hydrofoil as reported in reference 6. The hydrofoil
1ift coefficients and the local 1ift coefficlents are presented in

table I. When the displacement of the water surface for angles of attack
of 20, 4O, and 6° were divided by the local 1ift coefficient, the data
collapsed and the displacement of the free-water surface behind thé hydro-
foil, therefore, varied directly wilth 1ift coefficient.

A sgsingle curve was falilred through the data at each value of Vg/gh.
A sine wave was fitted to the data from the trough behind the hydrofoll
to the free-water surface or from the point of zero upwash to the point
of meximum upwash for the first wave. The sine curve was started &t a
point on the free-water surface dlirectly ebove the gquarter chord of the
hydrofoil and was extended to a point Just beyond the crest of the fol-
lowing wave.

‘ At the first crest behind the hydrofeoil, the observed emplitude was
greater than that of the fitted sine wave at szgh of 0.2, but less at

R
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higher speeds. The surface disturbances originating near the tips of
the hydrofoll appeared to have an appreclable Influence on the amplitude
of the displacement of the water surface neer the crest of the following .

wave. -

Spanwise variation.- Longitudinal surface profiles behind the hydro-
foil at a 4° angle of attack for four spanwise positions are presented
in figures 6(a), 6(b), end 6{c) for values of VZ/gh of 0.2, 0.4, and 0.6,
respectively. In genersl, the profiles spproximated a sine Punction for
the first half-length except at the O.5-semispan position. The inflection
in the profiles at 0.5 sgemispan was caused by the disturbance from the
tip of the hydrofoll. (See fig. 4.)

As shown in figure 6, the meximum displacement of the water surface e
in the trough decreased and moved aft as the distance from the center
plane was increased. The decrease 1n emplitude apparently was assoclated
with the decrease in local 1ift coefficients as the tips of the hydrofoil
were approached.

In gengral, the water just behind the trailing edge of the hydrofoll
was displaced downward, except outboard of the tip of the hydrofoil where
the water surface was displaced upward. The distance aft of the hydrofoil -
over which the water was displaced upward and the magnitude of this dis-

Placement increessed with increase in value Qf—Vz/gh. This behavior would -
be expected because the strength of the tralling vortices increeses with -
increase in speed for a constant engle of attack.

Comparison of Surfece Profiles With Theoretical
Two-Dimensional Waves
The equatlon for displacement of the free-water surface for two-

dimensional subcritical flow has been developed by Meyer and is presented
in reference 2. The equation is as follows:

~
.| 2 ston (- E)ugl cosh(u,)
Yo = ;‘;< = - sin(‘ﬁ uo) +
L 5% - cosh®(ug)
= sinl:l—f-jlcosv e BV
L] ( hh) (fm)e ~ )
o B cos(w)
-
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In the equation on the preceding page [|x| indicates the sbsolute value
of x. The parameter u, is obtained from the transcendental relation

%; u = tanh(u)

end v, 1s the solution of

V2 v = tan(v)

These functions are plotted in figures 7 end 8. As stated in refer-
ence 7, the function +anh(u) is nonperiodic, as shown in figure 7.
The value of u, can be determined from the intersection of the curve
tanh(u) and a straight line drawn from the origin, having the angle B

va v2  tanh(ug)
with the +u axis such that tan B = = since tan B = o —

Hence, values for u, exist if %% §jl; vy = 0 for g% = 1. The func-

tion tan(v) of figure 8 1s periodic and using the above procedure for
determination of v, the following solutions are obtained:

va -
For 5 <1,

vl, VZ, V3, VII'- « o

v2
a-n.d, for -éE >l,

Vo, Vis V2, V3, V) -« - -

The infinite-series term of the Meyer equation seems to reduce to
zero for values of |[x| near one-quarter wave length. The serles term
is important only in the vicinity of the hydrofoil, and after the first
quarter wave length the theoretical surface is a sine wave that corre-
sponds to the first term of the equation. The first part of the first
term of the equation defines the amplitude of this sine wave which is
dependent upon the circulation, velocity, depth of the hydrofoil sub-
mergence, depth of the channel, and the parameter Uy - As cen be seen

from the equation, the displacement varies directly with the circu-
lation ' and, therefore, with the 11ft coefficient. 1In thils respect,
the experimental data were in agreement with the two-dimensional theory.
(See fig. 5.)

]
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The second part of the first term defines the wave length and this
part of the Meyer equation is identical with the ususl equation for the
wave length in shallow water. (See ref. 1.) The two-dimensional surface
wave as calculated from the Meyer equation is shown in figure 5 for com-
perison with the experimental data. \ o

At V2/gh of 0.2, experiment and theory were—in good agreement for
the first half-wave length with the curves colncident from the trough
to the free-water surface. The sine weve that was fitted to the data
agreed with the Meyer wave except over the first quasxrter wave length
behind the hydrofoil. This difference was due to the second term of the
Meyer equation. At VZ/gh of 0.4, the meximm amplitudes were approx-
imately the same but the length of the experimental profile was less than

predieted by the theory. At Vz/gh of 0.6, both the amplitude and length
of the experimental profile were less than the theoretical wave.

In the region investigated, comparison of the experimental profiles
with the two-dimensional theory indicates that the surface wave can be
predicted by two-dimensional theory from the trailing edge to the point
of maximm upwash, but only at low suberitical speeds (VZ/gh of 0.2) and
near the center line. Even near the center line where agreement with
the two-dimensional theory might be expected, effects of finite aspect

ratlio apparently were large at Vz/gh of 0.4 and effects of finite aspect

ratio and probebly the channel depth were appreciable at Vz/gh of 0.6.
Outboard of the center line, the surface pattern was complicated by the
tip disturbances and no valid comparison with Meyer's two-dimensional
theory was possible.—— _ SN .

Downwash

Depth veriation.- A plot of the variation of the angle of downwash

with distance below the free-water surface at 0.1 semispan for Vz/gh

of 0.2 is presented in figure 9 for five positions behind the hydrofoil
and three angles of attack. As the distance below the surface increased,
the angle of_ downwash decreased and appeared To approach the zero down-
wash or undisturbed condition asymptotically.

According to the theory for gravity waves, reference 1, the angles
of downwash would be expected tg gecrease with distance below the free-
~&XCc
weter surface by the factor e A , wvhere d¢ .is the distance between
orblt centers of the generating circles of the trocholdal wave. The angle

of downwash at the surface was determined from the. slope of the theoretical

sine wegve. By using the length of this sine wave the decrement with depth
wag calculated and 1s shown in figure 9 as the dashed line. Tn genersl,

e - 2
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the experimentsl and the calculated results were In good agreement for a
distance aft of the hydrofoil of approximately 11 chords. At distances
greater than 11 chords, the experimental date did not agree with the
calculated valiues because of the disagreement between the experimental
and theoretical surface wavesgs at large distances behind the hydrofoll.

At velues of VZ2/gh greater than 0.2 and at other gpanwise positions,
the wave lengths and surface slopes did not agree with those given by
two-dimensional theory and comnsequently the angles of downwash did not
agree. Further analysis of the data indicated that the measured values,
in general, varied exponentially with depth as would be expected for
gravity waves.

Longitudinal varistion.- The varistion of the angle of downwash with
distance behind the trailing edge of the hydrofoil at 0.1 semispan is
presented in figures 10{a), 10(b), and 10(c) for values of V2/gh of 0.2,
0.4, and 0.6, respectively. Following the procedure used with displace-
ment of the water gurface, the angle of downwssh in degrees divided by
the local 1ift coefficient is plotted against distance from the trailing
edge. When divided by the local 1ift coefficlent, the data for angles
of attack of 2°, 4°, and 6° collapsed and the angles of downwash, there-
fore, varied directly with 1ift coefficient. The values of €/cy for

the theoreticeal sine wave were calculated and are shown as the dashed
line for the four depths below the surface.

At V2/gh of 0.2, the experimental data were in good agreement with
the calculated values at depths from 0.75c to 3.00¢c for the first half-
wave length behind the trailing edge of the hydrofoil, thet is, to the
point of maximm upwash. APt of this point, the experimentel angles of
downwash were not in agreement with the calculated values. This dis-
sgreement would be expected, however, because the slope of the exper-
imental surface profile differed from that of the theoretical wave in
this region. . .

" At V2/gh of 0.4 (fig. 10(b)) and 0.6 (fig. 10(c)), the values of
the angles of downwssh departed rapidly from the calculated values as
the distance behind the hydrofoll was increased. In the region of upwash,
the meximm experimental velues were generally less than the calculated
angles of upwash, and occurred at different locations behind the hydro-
foil. This difference in location of the experimental and calculated
meximums, which was particularly large at VZ/gh of 0.6, would be expected
because the length of the experimental surface profiles differed from
that of the theoretical waves. - The data of figure 10 indicate, there-
fore, that the angles of downwash can be predicted by two-dimensionsl
theory over the same range for which the theory accurately predicts the
surface wave. '
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Spanwlse variation.- The_varilations of the angle of downwash with
distance from the plane of symmetry at 4° angle of attack are presented

in figures 11(a), 11(b), and 11(c) for values of V2/gh of 0.2, 0.k,

and 0.6, respectively. Data are presented at four spanwise locations,

at four depths below the free-water surfsce, and at several stations
behind the treilling edge of the hydrofoll. The data have not been faired
end the test polnts have simply been connected by straight lines.

The downwash pattern below the surface became complex as dld the
water surface. Near the surface, the spanwise varlations in angle of
flow were large and changed rapidly from downwash to upwash. The angles
were particularly large at the 0.9-semispan position where the tip dis-
turbance would be expected to influence the direction of flow. At depths
greater than 2 chords, the angles of downwash and upwash were relatively
small and did not vary greatly spanwise.

CONCLUSIONS

The results of the investligatlion of the surface and downwash patterns
behind an aspect-ratlo-10 hydrofoil led to the following conclusions:

1. The displacement of the free-water surface and the angles of
downwash vary directly with 1lift coefficlent as predicted by two-
dimensional theory.

2. The angles of downwash vary éxponentially with depth below the
water surface as would be expected for gravity waves.

3. In the region investlgated, the surface wave can be predicted
by two-dimensional theory from the trailing edge to the point of maximum
upwash, but only at low subcritical speeds and near the center line.

4. The engles of downwesh can be predicted by two-dimensional theory
over the same range for which the theory accurately predicts the surface
wave.

5. Outboard of the center plane, the surface and downwash patterns
are complicated by the tip disturbances and no valid comparison with
two-dimensional theory 1s possible.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,

Langley Fleld, Va.
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TABLE T
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V2 a, Cr, ¢y ot
&= deg _ 0.1b
0.2 2 0.255 0.292
4 .375 L1429
6 475 5
A .2 - 307 .352
L 435 198
6 ..540 .618
.6 2 .330 378
b .h60 527
6 570 .653
AN/ 1Y W
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Figure 1.- Hydrofoil and strut.
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Figure 3.- Typical underwater photograph of tufts.
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Figure 4,- Photograph of model of typical surface pattern. Vertlical scale

2
enlarged five times; :{_fﬁ = 0.k, a=1L°.
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Figure Q.- Variation of angle of downwash with distance below free-water

surface at 0.1 semispan. Hydrofoll at three angles of attack;
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Figure 11,.-~ Varietion of angle of downwash with distance from plane of

symetry for four depths below free-water surface.
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